We consider a model for a Z ′ -boson coupled only to baryon minus lepton number and hypercharge.
I. INTRODUCTION
The standard model (SM) gives an excellent description of the known laws of particle physics. However there are a few facts that it cannot explain. Of importance for this paper are the neutrino mass spectrum, in particular the smallness of neutrino masses, the baryon-antibaryon asymmetry in the universe and the presence of dark matter (DM).
Though it appears to be very difficult to explain the mass spectrum of the fermions, there is a mechanism that can in principle make it plausible why the neutrino masses are much smaller than the other masses. The mechanism uses the presence of right-handed neutrinos with a large Majorana mass. The mass matrix also contains a Dirac mass. If the Majorana mass is much larger than the Dirac mass, one finds after diagonalization one (very) light and one heavy neutrino. The method is called the seesaw mechanism. Several realizations exist, the simplest being the type-I seesaw [1] [2] [3] [4] [5] . In this paper we consider a somewhat more involved form, which is conventionally called the inverse seesaw mechanism in the literature [6, 7] .
The presence of heavy neutrinos does not only affect the mass spectrum, it can also provide a mechanism to explain the baryon asymmetry of the universe. The method is called "leptogenesis" [8] (also see [9] [10] [11] [12] for recent reviews). An asymmetry in the lepton sector is produced via CP -violating heavy lepton decays. Subsequently the asymmetry in the lepton sector is transferred to the baryons by means of electroweak (EW) sphaleron processes [13] [14] [15] . Most early papers used neutrino masses at the grand unified scale, however a successful TeV scale leptogenesis is possible as well if two such neutrinos are degenerate in mass, thereby enhancing the CP -asymmetry parameter. This goes under the name of "resonant" leptogenesis [16] [17] [18] [19] [20] [21] . In this case, flavour effects have to be taken into account [22] [23] [24] [25] [26] .
Cosmological observations imply the existence of non-baryonic dark matter that drives structure formation on large scales and dominates galactic and extra-galactic dynamics.
Within the SM there is no candidate for this matter. One therefore has to enlarge the SM. The easiest way to explain the dark matter is to postulate the existence of thermally produced Weakly Interacting Massive Particles (WIMPs), with masses roughly at the weak scale. An additional unbroken symmetry is postulated, that prevents the WIMPs from decaying.
The latest experimental searches (see, e.g., [27] ) confirm the SM again at higher energy scales than before. The data leave little space for modifications. In particular complicated extensions of the SM lead to phenomenological problems, for instance with flavour changing neutral currents, and tend to need many fine tunings of parameters. Minimal extensions are therefore preferable. The simplest form to enlarge the gauge group of the SM is to add a single U(1) factor, which has to be a linear combination of hypercharge and B-L, baryon minus lepton number, if one does not want to enlarge the fermion spectrum. These are the so-called "minimal Z ′ models" (see, for example [28] [29] [30] [31] [32] [33] ). The spontaneous symmetry breaking of the extra U(1) factor requires at least a new complex singlet scalar field. If the coupling of the new gauge group contains a term proportional to B-L, the absence of chiral anomalies demands the presence of additional SM-singlet fermions. The presence of right-handed neutrinos, one per generation, removes all anomalies [34] [35] [36] [37] [38] [39] [40] [41] [42] .
In these minimal models a type-I seesaw mechanism can be introduced, dynamically generating neutrino masses. The parameters controlling the neutrino masses are compatible with resonant leptogenesis [43] [44] [45] [46] . A Z 2 symmetry can be introduced to provide a stable DM candidate [47] [48] [49] [50] . In these models with type-I seesaw, some fine-tuning is required to get two neutrinos almost degenerate and thereby have a successful TeV scale leptogenesis.
The Z 2 symmetry is needed for stabilising the DM, but has no further relation with the neutrino masses.
We will show that the inverse seesaw provides a more natural mechanism to explain to neutrino masses, dark matter and baryogenesis at the same time. Within this framework, 2 new neutrinos per generations are included. Once the mass matrix (of the left-handed and the 2 right-handed neutrinos) is diagonalized, besides the usual light SM-like neutrinos, 3
pairs of naturally quasi-degenerate heavy neutrinos appear, thereby easily implementing the requirements for resonant leptogenesis [51] [52] [53] .
In the context of U(1) B-L extensions of the SM, a model with the inverse seesaw realization exists. The model contains two extra dileptons, one of which enters the neutrino mass matrix [54] . A Z 2 symmetry is advocated that leads to zeroes in the mass matrix.
A disadvantage of this model is that this Z 2 symmetry has to be broken, in order to avoid exactly zero-mass neutrinos. The breaking mechanism is not present in the tree-level Lagrangian, coming from non-renormalizable operators. We consider this use of ad-hoc non-renormalizable operators as unnatural. In particular, the arbitrary restriction on the operators to the one desirable for the neutrino masses appears unmotivated.
In this paper we discuss a consistent extension of the SM with a U(1) gauge group, related to B-L number, providing for an inverse seesaw mechanism. In contrast to Ref. [54] , we only use renormalizable operators. The mechanism is natural in the sense that we allow for all renormalizable terms in the Lagrangian, consistent with the symmetries of the fields. We add pairs of fermions with fractional lepton number, so-called "leptinos" to the Lagrangian.
One of them is odd under an additional Z 2 symmetry, the other even as are all ordinary SM particles. Both fermions are needed in order to cancel anomalies. The Z 2 symmetry, together with the B-L charge assignments, restricts the form of the neutrino mass matrix.
At the same time it stabilises the odd leptino, that becomes the dark matter candidate in the model.
We will present in detail a version with only one extra pair of leptinos, which is sufficient for the discussion of dark matter. The possibility of successful leptogenesis requires the extension of the inverse seesaw mechanism to more generations, in order to provide the necessary large phases driving CP -violation. The detailed study is beyond the scope of this paper. However, we make some comments in the last section and we show that the results concerning the dark matter are not influenced by this extension.
The paper is structured as follows. In the next section, the model is presented. Section III collects results for the dark matter abundance generated by the model. In section IV the possibility of a successful leptogenesis is outlined. Finally, in section V we present our conclusions. The detailed description of the renormalization group equations (RGEs) of the model is presented for completeness in the appendix.
II. THE MODEL
We base our extension of the SM on the minimal Z ′ model [29] [30] [31] [32] [33] . The SM gauge group is extended by including a U(1) factor, related to the B-L number, with generic mixing with the U(1) Y . A SM singlet complex scalar χ is required for the spontaneous symmetry breaking of the further U(1) group, thereby providing the Z ′ boson a mass.
The requirement of anomaly cancellation is fulfilled by introducing one right-handed (RH) neutrino per generation. Furthermore, the inverse seesaw mechanism needs extra SM singlet fermions, coming in pairs in order not to spoil the anomaly cancellation. Minimally, just one extra pair of fermions is sufficient to provide a DM candidate.
The classical gauge invariant Lagrangian, obeying the SU(3)
A. Gauge sector
In the gauge field basis in which the kinetic terms in L Y M are diagonal [33] , the covariant derivative reads:
This generic model describes a continuous set of minimal U(1) extensions of the SM, that can be labelled by the charge assignments of the particles [33] . As any other parameter in the Lagrangian, g 2 and g BL are running parameters, therefore their values have to be set at some scale. Special sets of popular Z ′ models (see, e.g. [29, 55] ) can be recovered by imposing relations between g 2 and g BL at the EW scale. However such relations can be changed through the renormalization group running of the coupling constants [28, 31, 56] .
The details of the renormalization group equations (RGEs) are presented in the appendix, as they are not central in the argument of the present paper.
For the following study, it is important to focus on measurable observables, one of which being the Z ′ total width. In the approximation of massless fermions and neutrinos, with N ℓ generations of leptinos, of which just the CP -odd leptinos (S 2 , the DM candidate) are massive, with in first approximation degenerate masses M S 2 , the total width reads
Since the S 2 particle is only right-handed, its hypercharge is zero (see table II ), so that its coupling to the Z ′ boson does not depend on g 2 . Moreover, in the evaluation of the DM relic abundance with S 2 as the DM candidate, we will see that a resonant annihilation with the Z ′ boson is required. In these conditions, 2M
Being around the resonance, the only parameter that can influence the S 2 S 2 → Z ′ partial amplitude, and thus the relic density, is therefore the Z ′ boson width. The smaller the total width, the higher the relative partial amplitude. Hence, the minimum relic density, when one keeps M Z ′ fixed, can be obtained by minimizing the Z ′ width of eq. (3) with respect to g 2 . By direct computation, we obtain that the total Z ′ decay width is minimized for
When N ℓ = 1 (the case discussed here), g Typical bounds from LEP-I measurements at the Z-boson peak require the mixing angle to be less than O(10 −3 ) [57] .
Further, from a combination of LEP-I and LEP-II data the ratio mass-over-coupling is bounded to be bigger than several TeV. In Ref. [32] the authors reanalysed the LEP data for a model with the same gauge sector as ours, while a specific bound for g 2 = 0 can also be found in Refs. [29, 58] .
Before moving on to the results, we present here (see figure 1 ) the 95% C.L. exclusions at the LHC in the g BL −g 2 plane, based on the CMS data at √ s = 7 TeV for the combination of 4.7(4.9) fb −1 in the electron(muon) channels [59] . ATLAS has as well published an analysis for ∼ 5 fb −1 [60], but their limits are less tight than the CMS ones. Therefore, we will not present them here. case of eq. (4), for N ℓ = 1.
B. Scalar sector
In order to give the Z ′ boson a mass through spontaneous symmetry breaking, an extra complex scalar χ is introduced. The scalar Lagrangian reads
with the scalar potential given by where H and χ are the complex scalar Higgs doublet and singlet fields, respectively.
The scalar sector is now made of two real CP-even scalars, a light one h 1 and a heavy one h 2 , that are mixtures of the Higgs doublet field and the singlet field:
where v(v ′ ) is the VEV of the doublet(singlet) field, while the mixing angle −
can be expressed as:
with λ The B-L -breaking vev v ′ can be expressed in terms of the Z ′ mass and the gauge couplings as follows:
.
Here we have chosen the B-L charge of the complex singlet scalar to be Y
, as determined by gauge invariance of the Yukawa sector (see the following section).
The LEP bounds on M Z ′ /g BL can provide an absolute lower bound on the VEV v ′ through eq. (9) . For the benchmark scenarios of interest here, the bounds are:
C. Yukawa sector
We describe here the inverse seesaw mechanism and its implementation in our model. In contrast with the existing literature, we employ renormalizable operators only. The inverse seesaw mechanism can be implemented by means of N ℓ extra pairs of RH fields (S 1 and S 2 ) beside the usual 3 RH neutrinos (ν R ), the latter required by the anomaly cancellation.
Therefore, the Yukawa Lagrangian for the neutrino sector reads
where S j 2 are the only odd fields under a Z 2 symmetry that is introduced to avoid unwanted S 1 -S 2 mixing. The lightest of the S j 2 particles is our DM candidate. A summation over i, j is implied and an identical number of S 1 and S 2 fields is required by anomaly cancellation.
As a concrete model for the DM study, we focus on N ℓ = 1 case. By convention, we choose to implement the inverse seesaw mechanism in the third generation of leptons only. In the following, the formulas will refer to the latter and we drop the "i" index, unless otherwise specified. In section III D we will show that the DM results do not depend substantially on
The gauge invariance of the Yukawa Lagrangian is achieved by solving Y the normal leptons and because they do not carry a colour charge, the S 1,2 fields will be called "leptinos" throughout the rest of this paper. Table II summarises the particle content and the charge assignments. 
where
Eq. (13) is generally referred to as the matrix of the inverse seesaw mechanism. Notice that within the model all the terms appearing in the eq. (13) are proper Yukawa masses.
In contrast, in the traditional literature, M I 3,3 is an effective mass term parametrizing the lepton number violation required for the neutrinos to become massive. In our model, L is spontaneously broken via B-L. When N ℓ = 3 generations of leptinos are considered, y ν and y s1 are in general 3 × 3 complex matrices, and it is not restrictive to consider y N as a 3 × 3 real and diagonal matrix.
After diagonalization of eq. (13), the neutrino mass eigenstates are called ν l , ν h and ν h ′ , with 3 × 3 mass matrices
However, it is beyond the scope of this paper to consider the most general case in detail.
We limit ourselves to the model with only one generation of leptinos, which is largely sufficient for the dark matter question. In this case, one can without loss of generality choose a basis in which both the 3-component vector y N and the single parameter y s1 are real. The above formulas simplify, since the seesaw mechanism acts only on the third generation, so that M I is a 3 × 3 matrix and eq. (15) gives the masses of the 3 neutrino eigenstates, where ν h and ν h ′ combine in a quasi-Dirac fermion. Regarding the first and second generations, the LH and RH neutrinos obtain the usual Dirac mass term, for which O(10 −12 ) Yukawa parameters are required to fit the light neutrino masses.
We present the analytical solution for the inverse seesaw case for N ℓ = 1 which is sufficient to describe the main features of the mechanism also when N ℓ > 1. The mass matrix of eq. (13) is diagonalized by a 3 × 3 unitary matrix. Such a matrix can be parametrized by 3
angles and some phases. The latter will be neglected here. Formally, the following generic parametrization can be employed:
where S ij (C ij ) = sin α ij (cos α ij ). In good approximation, the angle defining the mixing between ν R and S 1 is found to be very close to maximal, i.e., α 23 ∼ π/4, while the angle parametrizing the mixing between ν L and S 1 is very small:
The unitary matrix of eq. (17) can then be simplified to
Neglecting intergenerational mixing, eq. (15) can be rewritten as
To obtain light neutrino masses compatible with experiments (i.e., M ν l < 1 eV), considering
A possible solution, which allows for the heavy neutrinos in the O(100) GeV range (suitable for the LHC), requires
A fundamental difference with the model of Ref. [54] exists in the non-interacting neutrino sector, the S 2 fields (here we consider only one of them). In eq. (12) it is clear that the S 2 field acquires a mass after the U(1) B−L symmetry breaking when χ gets a vev (called v ′ ):
Therefore, its mass is expected to be of O(1) TeV, if also v ′ is at TeV scale. The Z 2 symmetry protects this particle from decaying, making it a suitable dark matter candidate.
We have now all the elements to assess how our model compares to the literature. The most important aspect is that an appropriate neutrino sector is derived combining the ex- 
III. RESULTS: DARK MATTER
The S 2 field as defined in the previous section is a suitable candidate for WIMP-like cold dark matter because it is odd with respect to the Z 2 symmetry and thus stable on cosmological time scales. An abundance of S 2 particles which is thermally produced in the early universe will survive after freeze-out from the thermal bath until today to make up the observed dark matter in the universe.
To compute the relic density of S 2 dark matter we used the program MicrOMEGAs [63, 64] , in which the model has been implemented via LanHEP [65] . The remaining numerical analysis has been performed in CalcHEP [66] . Comparing the resulting graph with the observed abundance of dark matter:
we conclude that for the S 2 particle to be the dark matter, it must annihilate efficiently via a resonant heavy Higgs or via the Z ′ boson. Also the precise value of α is not relevant in ).
B. Z ′ boson resonant annihilation
Due to LHC direct searches, the Z ′ boson mass has to be above 2÷2.5 TeV, depending on the gauge mixing coupling g 2 . For the Z ′ annihilation mechanism to be effective, as already stated, a resonant condition has to be matched, meaning that the DM candidate has to be rather heavy. However, the resonance decay can still be very effective. Although the gauge coupling g BL is expected to give the major contribution to the relic abundance evaluation, the impact of g 2 might be not negligible either. For fixed M Z ′ and g BL values, we study here the effect of the mixing gauge coupling. We choose two different sets of M Z ′ and g BL such that for g 2 = 0 the relic density just satisfies the abundance constraint. A general feature is that Ω(g 2 ) is growing for |g 2 | → 1, so that there exists a value of g 2 that minimizes Ω(g 2 ). This value of g 2 corresponds to the g min 2 of eq. (4), that also minimizes the Z ′ width. Fixing g 2 to g min 2 (g BL ) returns a minimum value for g BL such that the abundance constraint can be matched, which is roughly 5% lower than the lower limit on g BL in the case g 2 = 0. We can now study the relic density as a function of the Z ′ boson mass. This is done in figure 6 , that shows the range of allowed values for g BL as a function of M Z ′ . The curves, for both g 2 = 0 and g 2 = g min 2 (g BL ), limit the existence of a DM candidate mass with suitable relic density above the curves themselves.
As a result, the Z ′ mass is constrained to M Z ′ ≤ 3.5(5.0) TeV for the g 2 = 0 and the (10)- (11), respectively), the black (solid) lines are the LHC exclusion, as in table I.
is within the LHC ultimate reach [41] . Since we must be on a resonant regime, the upper bound on the Z ′ mass translates on a upper bound for the S 2 mass, M S 2 ≤ 2.5 TeV.
C. Direct detection
The spin independent leptino-nucleon interaction is mediated by the light Higgs boson and is therefore sensitive to the value of (sin α cos α) 2 . Figure 7 shows that even for the rather large value of sin α = 0.3, the leptino-nucleon cross section is several orders of magnitude below the actual exclusion limits from XENON100 [68] , at most of roughly 10 −44 cm 2 for a DM candidate mass of around 50 GeV. Since we know that sin α has to be small, also future direct detection experiments will not be able to restrict or to detect the leptino. We checked that the exchange of Z ′ bosons consistent with LEP exclusion limits gives rise to smaller cross sections than Higgs exchange, hence we did not further consider this process.
Even easier to evade are the constraints from spin-dependent leptino-nucleon interaction experiments. Here the only mediator that can play a role is the Z ′ boson, too heavy for these cross sections to be of any interest. ) from below and therefore such resonant mechanism is not sufficient.
The case of resonant Z ′ annihilation works well also for N ℓ = 3. However, the allowed parameter space becomes tighter for higher N ℓ . These results are valid when all the leptinos are mass degenerate, and represents the worst possible case. All others, i.e. when just 2 are degenerate or with a tight mass hierarchy, will be somewhere between the case of 1 generation and the case of 3 generations exactly degenerate in mass. Notice that when the leptinos possess a tight mass hierarchy also co-annihilation processes become important and have to be taken into account. However their inclusion will not change the results. We turn now to study the effect of having 3 generations of leptinos, as required for leptogenesis, on the dark matter relic abundance due to the extra heavy neutrinos. The model with 3 generations of leptinos has 3 light and 6 heavy Majorana neutrinos in total.
The one with only 1 generation of leptinos instead accounts for 3 light neutrinos, 2 of them being Dirac particles, and 2 heavy Majorana neutrinos. Although the total number of relativistic degrees of freedom, commonly addressed as g * , is basically unchanged, the proliferation of neutrinos affects the Z ′ width, and this could impinge on the evaluation of the relic abundance at the Z ′ resonance. Figure 9 shows the total Z ′ width in the 2 different exact compensation between the larger number of heavy neutrinos for N ℓ = 3 and the larger partial width due to the 2 Dirac light neutrinos for N ℓ = 1. The relative variation of the total Z ′ width is below 1% in most of the parameter space, getting above 5% only in a limited region around small values of the gauge couplings. In these plots, heavy neutrino masses are m hν = 637 GeV for g BL = 0.2, and scale inversely with the latter. When their mass is above M Z ′ /2 (or slightly before due to threshold effects, i.e., here for g BL < 0.15),
) channels are all suppressed or simply forbidden and the above mentioned compensation is not taking place. Even though the model with 1 generation of leptinos has here a bigger Z ′ width due to the larger partial widths into the light Dirac neutrinos, the excess is never above 20% of the total Z ′ width in the case of 3 generations, and only in a tiny corner of the parameter space, where both gauge couplings are small.
As intimated, the variation of the total Z ′ width is very small, mostly below 1%, so that the impact on the DM relic abundance is also negligible. This is because, the relic abundance scales with the square root of the Z ′ width. A 1% variation in the total width determines a 0.5% variation of the relic density.
We can conclude that the DM study for N ℓ = 1 of section III is independent of the particular value of N ℓ if the leptinos are not mass degenerate.
IV. FURTHER RESULTS
We comment here on further possible implications of the model. First, the possibility of leptogenesis is described, necessarily requiring the presence of more than one generation of leptinos. Next we comment on how our model has an effect on the effective number of light degrees of freedom N ef f , measured in cosmology. Extra degrees of freedom consist of the RH neutrinos, forming Dirac fermions with the LH counterparts when less than 3 generations of leptinos are present.
A. Leptogenesis
As discussed in the introduction, the inverse seesaw mechanism is a suitable mechanism for a large CP asymmetry even at the TeV scale due to the naturally small mass splitting between the heavier neutrino eigenstates, a result that is built in into the model and does not require fine tuning. Hence, it is a favourable model for the so-called resonant leptogenesis.
Despite a large loop enhancement due to resonance, large phases are still required in the off-diagonal terms of y D to obtain an O(1) CP asymmetry. In the N ℓ = 1 model discussed so far, the first 2 generations of light neutrinos require O(10 −12 ) Yukawas, which in turn also means that the CP -violating decays of the heavy Majorana neutrino pair are similarly suppressed. Large phases but small masses can be achieved extending the seesaw mechanism to the other generations.
We show here that leptogenesis, compatible with neutrino masses and mixing, is possible in this model. The CP asymmetry is generated by the decays of the heavy neutrinos:
requiring large phases in the off-diagonal elements of the Dirac Yukawa matrix y D . In our model, these large phases, compatible with neutrino data, are possible for N l ≥ 2. The lepton number violating loop factor f ν ij , when quasi-degenerate heavy neutrino pairs are considered, is
In the inverse seesaw case, M j ∼ M i and Γ j = Γ i ≡ Γ are naturally recovered, so that f ν ij can easily be O(1). Notice that no fine tuning is required.
Once an asymmetry in the lepton sector is produced, electroweak sphaleron processes take place and move the asymmetry to the baryon sector η B = 28 79 η B−L . Altogether, the final baryon asymmetry can be written as
where the 10 −2 pre-factor accounts for the sphaleron efficiency and for photon dilution after recombination. The CP asymmetry ε i was defined in eq. (24), while κ i is the efficiency factor obtained after solving the relevant Boltzmann equations:
suppresses considerably the inverse decay (ID) wash-out.
All the quantities are defined in Ref. [53] . Particularly important is the S Z ′ term, the Z ′ scattering processes, which induces a wash-out of the final asymmetry. It has been verified that these Z ′ -induced wash-out processes do not have a severe impact on the final baryon asymmetry. This is due to the nature of the inverse seesaw mechanism, that allows for large Yukawa couplings, overcoming the Z ′ processes. A similar conclusion was reached in Ref. [46] , in which the authors explicitly showed that Z ′ processes do not spoil the leptogenesis if the Dirac Yukawa couplings are sufficiently large, as in the inverse seesaw case under examination.
In conclusion, following the similar case studied in Ref. [53] , the Dirac Yukawa matrix y D contains all information required to study the leptogenesis, entering both in ε i and in Γ.
It is sufficient that some off-diagonal elements in y D are large and complex for leptogenesis to be possible. For definiteness, we have verified that the choice of the matrix in Ref. [53] , that for N l = 3 is a possibility in our setup, does yield the correct baryon asymmetry in our model. We stress again that a similar choice for y D compatible with a successful leptogenesis is possible also for N l = 2, even though only one off-diagonal element will be large in this case. This is in fact identical to N l = 3 in the 1-flavour approximation.
Hence, we have proven that a successful leptogenesis, compatible with the observed pat- Thus we see that although the model can contribute to N ν ef f , its impact is only marginal, especially if one would want to implement a successful leptogenesis. In fact, N ℓ ≥ 2 is required by the latter, while N ℓ → 0 maximises ∆N ν ef f .
V. CONCLUSIONS
We constructed a simple model in the class of the minimal Z ′ models, where the extra U (1) gauge field is coupled only to hypercharge and B-L. We added right-handed neutrinos for each generation of fermions, as required by the absence of chiral anomalies in the theory. Beyond this we added extra pairs of leptons with fractional lepton number, which we therefore called leptinos. One of the leptino in the pairs is chosen to be even and the other one to be odd under an additional Z 2 charge. We were able to construct an inverse seesaw mechanism for neutrino masses. The mechanism is natural in the sense that all possible terms consistent with the symmetries of the theory are present in the Lagrangian. Nonetheless some of the entries in the neutrino mass matrix are zero, because of the choice of the representations.
The reason is the presence of a fractional lepton charge, which is the new feature of the model.
The choice of charges in combination with the extended gauge sector leads automatically to the inverse seesaw mass matrix. Renormalizability does not allow for other terms. This is a major improvement over the existing literature, where one has to evoke radiative terms or non-renormalizable interactions. The stabilisation of the zeros in the inverse seesaw mass matrix also requires a Z 2 symmetry to be present. The lightest odd particle under this unbroken Z 2 symmetry is then a dark matter candidate. This particle is needed to make sure that the new gauged U(1) current is anomaly free. Finally, the naturally degenerate heavy neutrinos in the inverse seesaw allows for a successful resonant leptogenesis at the TeV scale to explain the observed matter-antimatter asymmetry.
The odd leptino is the candidate for dark matter, as it is weakly interacting, massive and stable. We have shown that the correct dark matter density can be generated if the leptino The model we constructed appears to be able to give a realistic description of cosmological data. However, it is not possible to describe at the same time leptogenesis and N ν ef f . The model can be tested at the LHC, because the new particles must have masses in the LHC range for the model to explain the cosmological observations. Furthermore, new signals arise in the heavy neutrino sector, see [38, 61, 62] . The characterisation of the signals in the inverse seesaw model as compared to the type-I case is subject of further investigations.
if N ℓ generations of leptinos (section C) are included. Notice the small difference with respect to Ref. [31] in the A Y Y coefficient, due to the SM Higgs boson in the counting.
The gauge boson mixing is controlled by eq. (A3), that is the evolution of the mixing gauge coupling g 2 . Even if at the EW scale such mixing is set to vanish, the one-loop running will induce it because the equation for g 2 is not proportional to g 2 itself. Equivalently, the one-loop-induced gauge mixing can be included at the EW scale by a suitable choice of the g 2 mixing coupling.
The study of the RGEs for the gauge couplings is important to set upper limits on g 2 and g BL couplings at the EW scale to avoid Landau poles somewhere up to the Plank scale, see Ref [71] .
The equations can be solved algebraically [31] :
Particularly interesting is eq. (A6), which leads to an infrared (IR) fixed point for the model 41g 2 + 32g BL = 0 .
This fixed point is independent of the additional matter we consider in the model. The reason for this is that the extra fields we introduce (RH neutrinos, leptinos and the singlet scalar) are all singlets under the SM gauge group, hence not entering in the diagonal and mixed hypercharge coefficients A Y Y and A XY , that are the only terms appearing in eq. (A6). In other words, this IR fixed point is a model independent property of the minimal Z ′ model.
